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study	 protein-CO2	 interactions,	 known	 as	 carbamylation,	 and	 thus	 identify	 CO2	






carbamylation	 by	 introducing	 13C	 into	 the	 workflow.	 Finally,	 a	 cross-linking	 assay	
demonstrated	CO2-dependent	reduction	to	the	rate	of	ubiquitination.	Together	these	

























































































































































































































































acid.	 Carbonic	 acid	 readily	 dissociates	 into	 HCO3
-	 and	 H+,	 thus	 linking	 the	
concentration	of	CO2	 in	a	cell	 to	the	pH	(Blombach	and	Takors,	2015;	Boron	et	al.,	
2011).	CO2	hydration	occurs	relatively	slowly	at	physiological	pH	and	is	therefore	the	




al.,	 2001;	 Supuran	 et	 al.,	 2003).	 This	 suggests	 the	 ability	 to	 sense	 and	 respond	 to	
changes	 in	CO2	 is	 an	 important	 homeostatic	mechanism.	However,	 this	 is	 a	 poorly	
understood	area	of	cell	biology	and	this	thesis	aims	to	better	understand	CO2	sensing.	




The	 direct	 interaction	 of	 CO2	 with	 proteins	 results	 in	 a	 labile	 post	 translational	
modification	(PTM),	which	is	referred	to	in	the	literature	with	a	range	of	definitions	
(e.g.	 carbamate,	 carbamino	 adduct,	 carboxylate).	 Herein,	 it	 is	 referred	 to	 as	 a	
carbamate.	 The	 reaction	 resulting	 in	 a	 carbamate,	 termed	 carbamylation,	 occurs	












lysine	 residues.	 This	 results	 in	 a	 change	of	 charge	 status,	which	 influences	protein	




and	13,	which	means	 that	 at	 physiological	 pH	 the	 amine	 is	 positively	 charged	 and	
consequently	 unable	 to	 form	 a	 carbamate	 (Abraham	 et	 al.,	 2009).	 However	
carbamates	readily	form	at	higher	pH	(Stadie	and	O'Brien,	1936).	Thus	it	 is	thought	


















CO2.	 Importantly,	 these	 proteins	 all	 demonstrate	 a	 physiologically	 relevant	
consequence	 of	 carbamylation	 i.e.	 the	 interaction	 of	 these	 proteins	 with	 CO2	
corresponds	 to	 a	 specific	 biological	 activity,	 rather	 than	 being	 an	 artefactual	
modification.	Despite	this,	the	list	of	proteins	reported	to	undergo	carbamylation	is	
relatively	 short.	 It	 is	 anticipated	 that	 there	 are	many	more	 proteins	 that	 undergo	










Homo	sapiens	 Haemoglobin	 P68871	 V1	 (Lorimer,	1983)	
Homo	sapiens	 Cx26	 P29033	 K125	
(Meigh	et	al.,	
2013)	
Spinacia	oleracea	 RuBisCO	 P00875	 K201	
(Lorimer	and	
Miziorko,	1980)	






























Haemoglobin	 is	well	 known	 for	 its	 role	 in	oxygen	 transportation	 in	 red	blood	cells.	
Oxygen	 dissociation,	 and	 therefore	 tissue	 oxygenation,	 is	 encouraged	 by	 a	
phenomenon	known	as	the	Bohr	effect.	This	is	where	an	increased	pCO2	in	the	blood	
decreases	 the	affinity	of	haemoglobin	 for	oxygen,	 facilitating	O2	dissociation	 (Hsia,	
1998).	The	deoxy-haemoglobin	is	then	able	to	bind	CO2	to	transport	it	from	respiring	
tissues	 to	 the	 lungs,	 from	where	 it	 is	expelled	 from	the	body.	The	 formation	of	N-






Dick	 et	 al.	 demonstrated	 that	 interference	 with	 N-terminal	 protonation	 perturbs	
carbamate	adduct	formation	(Dick	et	al.,	1999).	This	initially	seems	counterintuitive	
since	it	is	the	unprotonated	amine	group	that	is	able	to	interact	with	CO2	to	form	the	
adduct.	 Nonetheless	 Dick	 and	 colleagues	 show	 that	 perturbed	 carbamate	 adduct	
formation	 in	 these	 conditions	 is	 a	 true	 phenomenon	 because	 R141	 is	 also	
deprotonated,	 removing	 the	 cationic	 species	 that	 serves	 to	 stabilise	 the	 anionic	
carbamate	through	electrostatic	interactions	(Dick	et	al.,	1999).	This	is	an	important	



























Recent	 studies	 indicate	 that	 CO2	 acts	 effectively	 as	 a	 small	 signalling	molecule.	 In	
particular,	CO2	alters	the	activity	of	many	membrane	transporters.	This	regulation	can	
occur	 by	 direct	 interaction	 of	 CO2	 with	 the	 membrane	 protein	 or	 indirectly	 by	




CO2	binds	 to	Cx26,	a	hemichannel,	at	K125	 to	 form	a	carbamate	bridge	with	R104	


















2012).	 However,	 there	 are	 also	 reported	 instances	 of	 CO2-dependent	 increases	 in	
cAMP	production	and	signalling	(Lecuona	et	al.,	2013;	Townsend	et	al.,	2009).	Na+/K+	
ATPase	proteins	are	also	negatively	regulated	in	hypercapnic	conditions	(Briva	et	al.,	
2007).	 The	 role	 of	 CO2	 in	 the	 negative	 regulation	 of	 Na
+/K+	 ATPase	 activity	 is	 to	
upregulate	Na+/K+	ATPase	endocytosis	 (Vadasz	et	al.,	2008).	Thus,	hypercapnia	has	













Canonical	 NFκB	 signalling	 requires	 the	 proteasomal	 degradation	 of	 IκB	 to	 release	






inhibitor,	 IkB,	 via	 proteolysis.	 IkB	 degradation	 releases	 NFkB,	 allowing	 for	 nuclear	
translocation	and	subsequent	association	with	DNA	to	initiate	transcription	of	target	







Furthermore,	 it	 was	 revealed	 that	 phosphorylation	 of	 IkB	 was	 essential	 for	 its	
degradation	 and	 that	 inhibiting	 IkB	 degradation	 prevented	 NFkB	 activation.	 This	
group	 also	 demonstrated	 that	 phosphorylation	 alone	 was	 not	 sufficient	 for	 NFkB	
activation,	suggesting	an	additional	regulatory	factor	is	involved	(Henkel	et	al.,	1993).	
This	 additional	 layer	 of	 regulation	 was	 demonstrated	 to	 be	 ubiquitination	 and	











be	 influenced.	 This	 suppression	 of	 NFkB	 signalling	 results	 in	 innate	 immune	







In	 the	 non-canonical	 NFkB	 signalling	 pathway	 ubiquitination	 and	 proteasomal	










p105	 for	 their	 subsequent	 interaction	with	 the	 proteasome	 (Fong	 and	 Sun,	 2002;	
Heissmeyer	et	al.,	2001;	Orian	et	al.,	2000;	Wu	and	Ghosh,	1999).	It	achieves	this	by	
bringing	the	substrate	lysine	of	IkB	into	closer	proximity	to	the	E2~ubiquitin	complex,	
permitting	 more	 efficient	 ubiquitin	 transfer	 (Wu	 et	 al.,	 2003).	 The	 SCF	 E3	 ligase	
recognises	phosphorylated	proteins	through	its	beta-TrCP	subunit	(Yaron	et	al.,	1998).	
Its	ability	to	differentiate	between	various	substrate	phosphoproteins	 is	due	to	the	





Members	of	 the	non-canonical	NFkB	signalling	pathway	have	been	 reported	 to	be	
sensitive	to	CO2	(Oliver	et	al.,	2012).	This	effect	has	also	been	observed	in	downstream	
genes	 of	 Relish,	 an	NFkB	orthologue	 in	D.	melanogaster	 (Helenius	 et	 al.,	 2009).	 A	








et	 al.,	 2017).	 One	 explanation	 for	 this	 may	 be	 due	 to	 the	 prerequisite	 of	 p100	
processing	 to	 p52	 for	 normal	 non-canonical	 NFkB	 signalling	 activation.	 The	 intact	
p100	 subunit	 may	 prevent	 DNA	 binding	 through	 the	 Rel	 homology	 domain	 and	





It	was	 recently	 identified	 that	 heat	 shock	 factor	 1	 (HSF1),	 a	 heat	 shock	 protein,	 is	








Embryonic	 development	 and	 egg	 laying	 are	 developmental	 processes	 that	 are	






Patients	 with	 acute	 respiratory	 distress	 syndrome	 (ARDS)	 or	 COPD	 present	 with	
hypercapnia.	Fluid	 reabsorption	at	 the	alveolar	epithelium	 is	critical	 to	maintaining	
optimal	gas	exchange	in	the	lungs.	This	is	achieved	by	the	active	transport	of	fluid	into	
the	 cell	 by	 the	Na+/K+	ATPase	 (Matthay	et	 al.,	 2002;	 Sznajder,	 2001;	Vadasz	et	 al.,	




AMPK	 and	 PKC-zeta	 are	 activated	 which	 causes	 activation	 of	 JNK	 through	 its	















of	 MuRF1	 in	 muscle	 atrophy	 is	 consistent	 with	 other	 reports	 despite	 different	
upstream	signalling	events	occurring	(Glass,	2005).	The	results	obtained	by	Jaitovich	









of	 the	 NFκB	 transcription	 factor.	 Similarly,	 studies	 in	 mammalian	 alveolar	
macrophages	have	implicated	NFκB	in	a	CO2–responsive	signalling	pathway	whereby	
increased	levels	of	CO2	suppress	expression	of	proinflammatory	cytokines	(Wang	et	
al.,	 2010).	 Importantly,	 both	 of	 these	 aforementioned	 studies	 demonstrated	 the	
effect	of	hypercapnia	on	 immune	suppression	 (1)	was	 independent	of	acidosis,	 (2)	
increased	mortality	from	specific	bacterial	infection,	and	(3)	occurred	independently	
of	 IκB	 proteolysis	 in	 the	 NFκB	 pathway.	 These	 results	 suggest	 an	 evolutionary	
conserved	 mechanism	 of	 CO2	 signalling	 that	 regulates	 immune	 and	 inflammatory	
pathways	with	physiological	consequences.	
	








these	 transcription	 factors	 also	 mediate	 hypercapnic	 immune	 suppression	 in	
mammals	 but	 if	 this	 were	 confirmed	 it	 would	 suggest	 an	 evolutionary	 conserved	










hypercapnia,	which	provides	 the	platform	upon	which	 further	 research	can	aim	 to	
therapeutically	 target	 hypercapnic	 pathologies.	 Of	 particular	 importance	 will	 be	
structural	 studies	 that	 elucidate	 the	 precise	 interaction	 between	 these	 small	





The	 biological	 question	 underpinning	 this	work	 is	 how	 cells	 sense	 and	 respond	 to	
changes	in	CO2	levels.	CO2	is	a	product	of	aerobic	respiration	and	could	therefore	act	
as	a	signalling	molecule	to	contribute	to	the	metabolic	status	of	the	cell.	A	greater	
understanding	 of	 this	 biological	 phenomenon	 will	 broaden	 understanding	 of	
fundamental	 biological	 processes	 linking	 cellular	 metabolism	 and	 homeostasis.	
















Ubiquitin	 is	 a	 small	 (~8	 kDa)	 evolutionary	 conserved	 protein	with	 broad	 signalling	
functions	(Chen,	2005;	Finley	and	Chau,	1991).	Ubiquitin	is	conjugated	to	substrate	





polyubiquitin	 chain	 forms	 when	 further	 ubiquitin	 molecules	 are	 conjugated.	 The	
diverse	 array	 of	 ubiquitin	 signalling	 is	 conferred	 through	 the	 type	 and	 mode	 of	
ubiquitin	cross-linking.	PTMs	occurring	on	ubiquitin	itself	regulate	its	ability	to	cross-
link	(Matsuda,	2016).	CO2-dependent	carbamylation	and	ubiquitin	cross-linking	both	
occur	 on	 lysine	 residues,	 suggesting	 a	 physiologically	 relevant	 role	 for	 ubiquitin	
carbamylation.		
	
Altogether,	 the	hypothesis	of	 this	work	 is	 that	CO2	binds	directly	 to	ubiquitin	with	


























mM	 IPTG	 at	 an	OD600	 0.6	 for	 20	 hours	 at	 16


























Cells	were	harvested	at	4000	g	and	 subjected	 to	a	 freeze-thaw	cycle	before	being	
resuspended	in	E2	Lysis	buffer	(50	mM	Tris-HCl	pH	7.6,	1	mM	EDTA,	2	mM	DTT,	1	mM	
PMSF)	 and	 lysed	 by	 sonication.	 The	 soluble	 fraction	 was	 obtained	 following	
centrifugation	at	21,000	g	and	passed	over	0.8	mL	SuperGlu	resin	per	1	L	pellet	at	a	
flow	rate	of	0.5	mL/min.	The	resin	was	then	washed	with	10	BV	1x	PBS	before	GST-E2-

















10	mM	 Imidazole.	 Bound	protein	was	eluted	across	 a	 range	of	 50	mM	–	250	mM	


















trapping	 reaction	 was	 initiated	 by	 addition	 of	 10x	molar	 excess	 of	 TEO.	 The	 total	
volume	for	the	trapping	reaction	was	4	mL	at	t=0	and	titration	of	1	M	NaOH	ensured	


















































mM	 DTT,	 50	 mM	 Creatine	 Phosphate	 (Roche,	 0621714001),	 3	 U/mL	 inorganic	
pyrophospatase	(Sigma,	I1643),	and	3	U/mL	Creatine	phosphokinase	(Sigma,	C3755).	
35	mM	 NaCl	 and	 35	mM	 NaHCO3	 pH	 8.0	 were	 added	 to	 the	 appropriate	 assays.	









Miziorko,	 1980).	 Ubiquitin	 is	 a	 small	 (~8	 kDa)	 protein	 involved	 in	 a	 wide	 array	 of	
signalling	process.	The	diverse	range	of	signalling	pathways	influenced	by	ubiquitin	is	
only	possible	because	of	the	many	different	combinations	of	ubiquitin	crosslinking	to	
form	 various	 polyubiquitin	 chains	 (Zinngrebe	 et	 al.,	 2014).	 Polyubiquitin	 chain	
synthesis	 requires	 isopeptide	 bond	 formation	 between	 Ne-amine	 groups	 of	 lysine	
residues	and	the	C-terminal	glycine	of	the	next	ubiquitin.	PTMs,	such	as	acetylation	













chromatography	 (IMAC)	 (Figure	 3.1.A,	 B,	 respectively).	 These	 proteins	 have	 high	
sequence	similarity	(Figure	3.1.G)	and	were	deemed	to	be	greater	than	95	%	pure	by	
densitometry	 (data	 not	 shown).	 For	 both	 ubiquitin	 samples	 fractions	 1	 –	 5	 were	
pooled	and	concentrated	for	use	in	MS	investigations	and	in	vitro	crosslinking	assays.	
His6-mE1	was	expressed	in	BL21	(DE3)	and	purified	by	IMAC	(Figure	3.1.C).	The	three	
elution	 fractions	 were	 pooled,	 concentrated	 and	 purified	 by	 AEC	 (Figure	 3.1.C).	









































































1 2 3 4 5
1 2 3 4 5
1 2 3 4 5 6 7 8
1 2 3 4 5 6 7
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36	
G)	 sequences	 of	 A.	 thaliana	 and	 H.	 sapiens	 ubiquitin.	 Lysine	 residues	 are	 highlighted	 in	 bold	 red	




Carbamates	 are	 labile	 and	 thus	 their	 identification	 by	 MS	 remains	 a	 technical	
challenge.	 Recently,	 a	 method	 to	 trap	 carbamates	 with	 an	 alkylating	 reagent,	
triethyloxonium	tetrafluoroborate	(TEO),	has	been	developed	in	which	carboxylic	acid	




MS	 that	 rapidly	 identifies	 peptides.	 Since	 the	 mass	 of	 a	 peptide	 modified	 by	 the	







made	 between	 a	 carboxyethylated	 peptide	 and	 a	 random	 isobaric	 peptide?	 The	
solution	 to	 this	 problem	 can	 be	 found	 by	 searching	 for	 an	 ethylation	 series	
corresponding	 to	 the	peptide	of	 interest.	An	ethylation	series	 is	generated	when	a	
protein	is	differentially	ethylated	during	the	reaction	with	TEO.	Following	trypsinolysis,	
this	gives	 rise	 to	a	number	of	detected	peptides	 increasing	by	28.0303	Da	 (i.e.	 the	






















of	 the	peptide.	Using	 this	 approach,	 a	 1418.723	Da	peptide	was	 confirmed	as	 the	
carboxyethyl	peptide	corresponding	to	 43LIFAGK(Ce)QLEDGR54	(table	3.1).	A	second	
carboxyethylated	peptide	was	detected	as	part	of	an	ethylation	series	with	a	1595.799	

















Other	 peptides	with	 a	mass	 corresponding	 to	 carboxyethyl	modification	were	 also	
identified	(Table	3.3).	However,	an	ethylation	series	could	not	be	derived	for	these	
peptides.	 Therefore,	 it	 is	not	possible	 to	 confirm	 the	presence	of	 the	carboxyethyl	
modification	as	a	direct	result	of	the	trapping	reaction	with	TEO.		
Table	 3.3|	 Peptides	 of	 interest	 detected	 by	MALDI	 without	 a	 corresponding	 ethylation	 series.	 The	
predicted	mass	is	accurate	±	0.5	Da.	Et	=	ethylation,	Ce	=	carboxyethylation.	
Sequence	 Predicted	Peptide	Mass	 Detected	Peptide	Mass	 Modification	
12TITLEVEPSDTIENVKAK29	 2059.08052	 2059.023193	 Ce	
28AKIQDKEGIPPDQQR42	 1822.96578	 1822.954	 Ce,	Et	
28AKIQDKEGIPPDQQR42	 1850.99706	 1850.976	 Ce,	2x	Et	
55TLSDYNIQKESTLHLVLR72	 2225.20678	 2225.098145	 Ce,	Et	
	
The	 aim	 of	 this	 investigation	 was	 to	 identify	 peptides	 with	 the	 carboxyethyl	
modification	 indicative	 of	 a	 trapped	 carbamate.	 Identification	 of	 a	 peptide	 was	
achieved	by	comparing	predictive	mass	with	the	mass	of	peptides	detected	by	MALDI.	
If	 a	 suspected	 carboxyethylated	 peptide	 is	 detected	 and	 found	 to	 have	 a	
corresponding	ethylation	series	it	can	be	concluded	that	a	carboxyethyl	modification	









In	 the	 previous	 investigation,	 it	was	 demonstrated	 that	 carboxyethylated	 peptides	
could	 be	 detected	 and	 confirmed	 by	MALDI	 and	 an	 ethylation	 series,	 respectively	
(Chapter	3.1).	This	confirms	 the	 trapping	 reaction	with	TEO	occurred	but	does	not	
	
39	
























7TLTGKTKVLEVESSDTIDNVK27	 K11Ce,	E18Et	 2377.27080	 -3.4	 √	
7TLTGKTKVLEVESSDTIDNVK27	 K13Ce	 2349.23950	 -4.4	 √	
28AKIQDKEGIPPDQQR42	 K29Ce	 1794.93448	 -6.5	 √	
28AKIQDKEGIPPDQQR42	 K29Ce,	D32Et	 1822.96578	 -4.9	 √	





30IQDKEGIPPDQQR42	 K33Ce	 1595.80237	 -5.8	 	
28AKIQDKEGIPPDQQR42	 K33Ce	 1794.93448	 -4.7	 √	
30IQDKEGIPPDQQR42	 K33Ce,	E34Et	 1623.83367	 -5.6	 	
43LIFAGKQLEDGR54	 K48Ce	 1418.76378	 -3.3	 	
43LIFAGKQLEDGR54	 K48Ce,	E51Et	 1446.79508	 -4.0	 	
H.	
sapiens	





30IQDKEGIPPDQQR42	 K33Ce	 1595.80237	 -4.7	 	
30IQDKEGIPPDQQR42	 K33Ce,	E34Et	 1623.83367	 -4.5	 	
43LIFAGKQLEDGR54	 K48Ce	 1418.76378	 -3.3	 	
43LIFAGKQLEDGR54	 K48Ce,	E51Et	 1446.79510	 -4.5	 	






approach	 resulted	 in	 11	 and	7	 carboxyethyl	modified	 peptides	 for	A.	 thaliana	 and	
human	 ubiquitin,	 respectively	 (Table	 3.4).	 Not	 all	 the	 carboxyethyl	 modifications	
recorded	 are	 true	 positives.	 This	 is	 demonstrated	 in	 figure	 3.1,	 where	 manual	
inspection	of	the	fragmentation	pattern	clearly	demonstrates	there	are	no	matched	
peptides	for	fragments	that	include	the	lysine	reported	to	be	carboxyethyl	modified.	


















































residues	 to	 be	 defined.	 The	 results	 also	 demonstrate	 a	 consistency	 for	 sites	 of	
carboxyethyl	 modification	 between	 plant	 and	 human	 ubiquitin.	 Therefore	 the	
hypothesis	of	this	investigation,	that	carboxyethyl	modification	of	ubiquitin	occurs	at	




Figure	 3.4|	 Peptide	 fragmentation	 pattern	 corresponding	 to	 peptides	 containing	 carboxyethyl	






In	 the	 previous	 investigation,	 it	 was	 demonstrated	 that	 K33	 and	 K48	 are	 sites	 of	
carboxyethyl	 modification	 (Chapter	 3.2).	 Although	 this	 modification	 has	 a	 mass	
corresponding	 to	 a	 trapped	 carbamate,	 it	 has	 not	 been	 confirmed	 that	 the	
modification	 is	 CO2-dependent.	 NMR	 studies	 utilise	
13C	 supplemented	 media	 to	
demonstrate	 formation	 of	 carbamate	 adducts	 from	 CO2.	 It	 was	 therefore	
hypothesised	that	13C	could	be	used	to	confirm	the	carboxyethyl	modification	is	a	CO2-
derived	carbamate	trapped	by	reaction	with	TEO.	To	achieve	this	the	trapping	reaction	














The	 aim	 of	 this	 investigation	 was	 to	 use	 13C	 to	 demonstrate	 the	 carboxyethyl	








fragments	 including	 the	 carboxyethyl	 lysine	 residue)	 are	 matched	 y	 ions.	 This,	
combined	with	log(e)	scores	of	-3.7	and	-2.3,	provides	evidence	in	favour	of	a	trapped	
CO2-dependent	carbamate	at	K33	of	ubiquitin.	In	addition,	the	fragmentation	patterns	
















provide	 greater	 confidence	 that	 these	 results	 are	 not	 due	 to	 chance,	 which	 is	
consistent	 with	 the	 results	 generated	 in	 X!Tandem.	 Modification	 of	 these	 lysine	
residues	with	a	73.0244	Da	adduct	requires	the	incorporation	of	a	13CO2	(44.9941	Da)	
and	its	alkylation	during	the	trapping	reaction,	resulting	in	an	additional	ethyl	(28.0303	
Da)	 to	 this	 adduct.	 The	 reaction	mixture	was	 supplemented	with	NaH13CO3,	which	
dissociated	to	form	13CO2.	This,	in	turn,	enabled	the	labile	carbamate	to	form	on	these	
lysine	residues.	When	compared	to	the	trapping	experiment	using	12C,	the	expected	
+	1.0033	Da	mass	 shift	 of	 the	modification,	 corresponding	 to	 the	different	 carbon	
isotopes,	is	observed.	Moreover,	the	13C	modification	is	only	observed	at	the	residues	






However,	 the	 physiological	 significance	 of	 this	 interaction	 requires	 elucidation.	
Polyubiquitin	chains	are	generated	by	the	formation	of	isopeptide	bonds	between	the	
Ne-Lysine	 on	 the	 substrate	 protein	 or	 ubiquitin	 and	 the	 carboxyl	 group	 of	 the	 C-
terminal	glycine	residue	of	the	next	ubiquitin.	Formation	of	a	carbamate	reverses	the	
charge	 status	 of	 the	 Ne-amine	 group	 on	 lysine	 residues.	 Therefore,	 it	 was	















Figure	3.7|	Ubiquitin~E2	discharge	 is	perturbed	by	2	mM	CO2.	Ubiquitin	discharge	from	E2	 ligase	 is	





Under	 conditions	 representing	 physiological	 hypercapnia	 there	 is	 a	 significant	











is	 reduced,	 b)	 the	 effect	 of	 perturbed	 ubiquitin	 discharge	 is	 dose-dependent,	 c)	
carbamate	stoichiometry	correlates	with	the	dose	response,	and	d)	the	same	effect	is	
observed	with	K33.	This	information	will	prove	useful	when	attempting	to	determine	
a	 physiologically	 relevant	 role	 for	 CO2-dependent	 ubiquitin	 carbamylation.	 One	
possible	 role	 for	 this	 phenomenon	 is	 the	 reduction	 of	 proteasomal	 activity.	 The	
proteasome	 is	 a	 large	 complex	 that	 degrades	 proteins	 tagged	 with	 polyubiquitin	
chains.	It	has	been	demonstrated	that	substrate	proteins	tagged	with	tetraubiquitin	
chains	 are	 preferentially	 degraded	 by	 the	 proteasome	 (Singh	 et	 al.,	 2016).	 CO2-









modification	 is	 due	 to	 CO2-dependent	 carbamate	 formation.	 This	 resulted	 in	 the	
conclusive	 assignment	 of	 K33	 and	 K48	 as	 sites	 of	 CO2-mediated	 carbamylation.	
Despite	this,	a	physiological	role	for	this	PTM	has	not	yet	been	elucidated.	However,	









and	 disease	 (Cummins,	 2017;	 Cummins	 and	 Keogh,	 2016).	 CO2	 can	 interact	 with	
protein	at	uncharged	amine	groups	 to	 form	a	 labile	 covalent	modification	 called	a	
carbamate	(Ewing	et	al.,	1980).	This	modification	introduces	a	change	of	charge	status	
that	may	have	profound	effects	on	protein	interactions	(Terrier	and	Douglas,	2010)	or	
enable	metal	 chelation	 for	 enzyme	 function	 (Lorimer	 et	 al.,	 1976).	 An	 alternative	
method	for	the	stabilisation	of	carbamates	is	achieved	by	the	positioning	of	positively	
charged	residues	in	close	proximity	to	the	lysine	residue	interacting	with	CO2	(Meigh	
et	 al.,	 2013).	 Thus,	 carbamate	 formation	 is	 known	 to	 exert	 an	 influence	 on	 the	
structure,	function	and	activity	of	several	proteins.	Despite	this,	the	number	of	known	
proteins	to	interact	with	CO2	via	carbamate	formation	is	relatively	low.	This	is	largely	
due	 to	 the	 labile	 nature	 of	 carbamates	 preventing	 their	 identification	 by	 high	












generated	 for	 each	 peptide.	 This	 is	 where	 a	 series	 of	 peptides	 are	 identified	
corresponding	 to	 all	 possible	 combinations	 of	 ethylation	 events,	 including	 the	
carboxyethyl	 modification	 indicative	 of	 the	 trapped	 carbamate.	 The	 initial	
investigation	 therefore	 aimed	 to	 verify	 carbamates	 that	 could	 be	 trapped	 and	
	
53	
identified	 by	MS	 using	MALDI-TOF.	 Two	 peptides	were	 identified	 to	 incorporate	 a	
mass	corresponding	to	a	carboxyethyl	modification	as	part	of	an	ethylation	series	on	






false	positive	 results.	However,	 it	was	not	 formally	possible	 to	conclude	that	 these	
modifications	are	due	to	CO2.	Therefore,	an	experiment	was	performed	that	utilised	
13C	 to	 demonstrate	 the	modifications	 at	 K33	 and	 K48	 are	 CO2-dependent	 trapped	
carbamates.	 Whilst	 this	 confirmed	 K33	 and	 K48	 as	 sites	 of	 CO2	 interaction,	 the	

















Ubiquitin	 is	 an	 8	 kDa	 protein	 conserved	 throughout	 the	 eukaryotic	 kingdom.	 It	 is	
involved	in	a	variety	of	cellular	process	ranging	from	protein	tagging	for	degradation	




bind	 to	 its	 target	protein	a	 series	of	 reactions	occur	 that	 result	 in	 formation	of	an	
isopeptide	bond	between	the	ubiquitin	C-terminal	glycine	residue	(G76)	and	the	ε-
amine	group	of	a	lysine	residue	of	the	substrate	protein	(Pickart,	2001).	This	process	
requires	ATP	and	 is	 catalysed	by	E1,	E2,	and	E3	ubiquitin	 ligases	 (Finley	and	Chau,	
1991;	Jentsch,	1992).	A	protein	bearing	a	single	ubiquitin	molecule	is	relatively	stable,	
whilst	proteins	tagged	with	poly-ubiquitin	chains	are	often	rapidly	degraded	(Chau	et	
al.,	 1989;	Gregori	 et	 al.,	 1990;	 Singh	et	 al.,	 2016).	 K48-linked	poly-ubiquitin	 chains	
predominate	and	are	the	principle	signal	for	26S	proteasomal	degradation	(Chau	et	
al.,	 1989).	 However,	 ubiquitin	 contains	 7	 lysine	 residues	 and	 all	 of	 these	 may	 be	
utilised	for	poly-ubiquitin	chain	formation	along	with	the	N-terminal	methionine	(Peng	
et	al.,	2003).	Specificity	of	cross-linked	poly-ubiquitin	chains	is	accomplished	through	
particular	 E2/E3	 pairing	 and	 the	 proximal	 environment	 that	 surrounds	 the	 lysine	
residues	(Petroski	and	Deshaies,	2005;	Sadowski	and	Sarcevic,	2010).		
	
It	has	been	demonstrated	 that	K33	and	K48	are	 sites	of	 carbamylation.	K33	 linked	
ubiquitin	 is	 typically	 involved	 in	 non-proteolytic	 signalling	 processes.	However,	 the	
extent	of	signalling	performed	by	this	atypical	ubiquitin	chain	is	poorly	understood.	












of	 ubiquitylation.	 This	 is	 consistent	 with	 previous	 findings	 that	 report	 reduced	
ubiquitin	kinetics	upon	destabilising	interactions	between	ubiquitin	and	E2/E3	ligases	
(Saha	 et	 al.,	 2011).	 However	 this	 is	 in	 contrast	 to	 a	 recent	 report	 of	 increased	
ubiquitylation	under	hypercapnic	conditions	(Gwoździńska	et	al.,	2017).	It	should	be	
noted,	however,	that	for	this	investigation	Nedd-4	was	used	for	ubiquitination	assays.	
Nedd-4	 is	 an	 E3	 ligase	 that	 specifically	 catalyses	 K63-linked	 polyubiquitin	 chains	
(Maspero	et	al.,	2013).	Since	carbamylation	was	only	seen	to	occur	at	K33	and	K48,	it	





would	 demonstrate	 reduced	 proteasomal	 activity.	 This	 is	 because	 proteins	 tagged	
with	smaller	ubiquitin	chains	are	more	stable	than	those	with	longer	chains	(Singh	et	
al.,	 2016).	Despite	 this,	 proteasomal	 activity	 has	 been	 reported	 to	 increase	 during	
hypercapnic	conditions	(Jaitovich	et	al.,	2015;	Ottenheijm	et	al.,	2006).	This	may	be	
explained	 by	 alternative	 CO2-sensitive	 signalling	 pathways.	 Increased	 cAMP	
concentrations	and	PKA	activation	are	both	mechanisms	through	which	proteasome	
phosphorylation	 is	 stimulated	 and	 this	 is	 correlated	 with	 enhanced	 proteasomal	
degradation	 (Lokireddy	 et	 al.,	 2015).	 It	 has	 previously	 been	 shown	 that	 elevated	
bicarbonate	 causes	 sAC	 to	 increase	 cAMP	 production	 and	 stimulate	 PKA	 activity	
(Lecuona	et	al.,	2013;	Townsend	et	al.,	2009).	Moreover,	proteasomal	inhibition	has	
been	reported	to	increase	ER	stress,	induce	aberrant	signalling	pathways	and	reduce	













replication	 and	 reducing	metabolic	 burden.	 As	 previously	mentioned,	 proteasome	
activity	 is	non-redundant	(Suraweera	et	al.,	2012;	Velentzas	et	al.,	2013).	However,	








The	 present	 study	 suggests	 K48-linked	 polyubiquitin	 chain	 formation	 would	 be	
decreased,	which	is	in	contrast	to	a	previously	published	report	that	found	K48-linked	
polyubiquitination	was	increased	under	hypercapnic	conditions	(Haegens	et	al.,	2012).	
Such	 contradictory	 reports	 are	 commonplace	 when	 investigating	 the	 effect	 of	


















carbamates	at	K33	and	K48	of	ubiquitin,	although	 it	 is	unlikely	 that	a	carbamate	 is	
stabilised	 on	 ubiquitin	 through	 chelation	 of	 a	 metal	 ion.	 Structural	 studies	
investigating	 this	 will	 not	 only	 provide	 insights	 to	 the	 mechanism	 of	 carbamate	






could	be	achieved	 in	multiple	ways.	 Firstly,	 use	of	 an	 isobaric	 tag,	 such	as	TMT	or	
iTRAQ,	enables	 the	 relative	quantification	of	 carbamate	 formation	at	different	CO2	
concentrations.	 This	 approach	 has	 been	 applied	 to	 other	 PTMs,	 such	 as	
phosphorylation	 (Glibert	 et	 al.,	 2015;	 Lim	 et	 al.,	 2017).	 Secondly,	 chemical	
modification	 of	 ubiquitin	 with	 an	 isotopic	 carboxyethyl	 group	 following	 the	 initial	
trapping	experiment	would	enable	the	relative	quantitation	between	the	biological	
and	chemical	modifications.	This	approach	has	been	performed	in	acetylation	studies	
and	 has	 the	 advantage	 of	 reducing	 sample	 complexity	 (Gil	 et	 al.,	 2017).	 These	





However,	a	potential	difficulty	with	 the	use	of	 isobaric	 tags	 is	 that	 the	unmodified	
peptide	 will	 be	 cleaved	 at	 K33	 or	 K48.	 By	 taking	 the	 same	 approach	 as	 Gil	 et	 al.	








for	enhanced	 identification	of	proteins	 susceptible	 to	carbamylation,	 thus	enabling	
identification	of	 the	 ‘carbamylome’.	Until	 such	a	probe	 is	developed,	a	proteomics	
investigation	to	identify	more	proteins	susceptible	to	carbamylation	could	be	achieved	
with	 SILAC.	 This	 is	 a	 technique	 that	 enables	 quantitative	 proteomics	 by	 labelling	
proteins	 in	vivo	with	 isotopic	 lysine	and	arginine	residues.	This	permits	up	to	three	
experimental	 conditions	 to	 be	 tested	 and	 for	 the	 proteins	 to	 be	 trapped	 ex	 vivo.	
Additionally,	 such	 an	 experimental	 setup	 could	 be	 used	 to	 observe	 the	 differing	
proteomes	of	 cells	 exposed	 to	hypercapnic	or	normocapnic	 conditions.	A	previous	
study	 compared	 two	 populations	 of	 eastern	 oysters	 that	 had	 been	 exposed	 to	
normocapnic	 or	 hypercapnic	 conditions.	 The	 authors	 of	 this	 study	 found	 that	 a	
relatively	 high	 proportion	 	 (12%	 of	 456)	 of	 identified	 proteins	 were	 differentially	













on	 ubiquitin	 crosslinking	 and	 the	 degree	 of	 substrate	 protein	 ubiquitination.	 Such	
insights	would	be	better	placed	 to	provide	 information	 regarding	 the	physiological	
relevance	 of	 carbamylation.	 Additionally,	 a	 novel	 fluorescence	 imaging	 technique,	
called	PolyUb-FC,	has	been	developed	to	inform	investigators	of	polyubiquitin	chain	
dynamics	 and	potential	 interactors	 (Nibe	et	 al.,	 2018).	 Since	 antibodies	 to	 atypical	




The	 formation	 of	 carbamates	 at	 K33	 and	 K48	 reverse	 the	 charge	 status	 of	 these	





performed	 using	 E2-25K,	 which	 exclusively	 cross	 links	 at	 K48	 (David	 et	 al.,	 2010).	













• K33	 was	 also	 identified	 as	 a	 site	 of	 carbamylation.	 It	 will	 be	 important	 to	








with	 the	 stoichiometry	 of	 carbamylation	 at	 various	 CO2	 concentrations.	 To	
investigate	this	the	cross-linking	assay	should	be	performed	over	a	range	of	




CO2	 is	 a	 fundamentally	 important	 to	 life.	 It	 is	 able	 to	 exert	 influence	 over	 cellular	
function	 through	 carbamylation	 of	 susceptible	 proteins	 involved	 in	 cell	 signalling	
pathways.	 Whilst	 many	 effects	 of	 elevated	 CO2	 in	 health	 and	 disease	 have	 been	
reported,	not	much	is	known	regarding	the	CO2	sensors.	Therefore,	the	aim	of	this	
project	was	initially	to	identify	a	CO2	sensor	and	define	the	mechanism	through	which	
CO2-dependent	 regulation	 occurs.	 Due	 to	 time	 constraints,	 however,	 this	 was	 not	
performed	to	completion.	A	MS	based	approach	defined	K33	and	K48	of	ubiquitin	as	
sites	 of	 carbamylation	 and	 a	 functional	 assay	 demonstrated	 the	 reduced	 rate	 of	
ubiquitination	 upon	 K48	 carbamylation.	 This	 is	 consistent	 with	 other	 reports	 that	
observe	reduced	rates	of	ubiquitination	upon	a	change	of	charge	status	to	targeted	
lysine	 residues.	 The	 implications	 of	 this	work	 are	 not	 clear	 but	 a	 potential	 role	 in	
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reducing	 metabolic	 burden	 has	 been	 outlined.	 Future	 work	 is	 required	 to	 better	
understand	ubiquitin	 carbamylation.	 First,	 the	 factors	 governing	 carbamylation	are	
poorly	understood.	 It	 is	 not	 yet	 known	what	 the	occupancy	of	 carbamylation	 is	 at	
various	 CO2	 concentrations	 or	 how	 the	 carbamate	 is	 stabilised.	 Second,	 the	 direct	
impact	 of	 elevated	 CO2	 on	 ubiquitin	 dynamics	 and	 its	 association	 with	 substrate	
proteins	 requires	 investigation.	 Finally,	 more	 information	 regarding	 ubiquitination	
kinetics	of	K33	and	K48	is	desired.	Overall	this	project	has	provided	evidence	of	a	novel	
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